ABSTRACT: Epitaxial growth of calcite on dolomite and kutnahorite (104) surfaces has been promoted at room temperature by immersing cleavage rhombohedra of these minerals in highly supersaturated solutions with respect to calcite (β calcite = [a(Ca 2+ )·a(CO 3 2− )/K sp,calcite ] > 20). Scanning electron microscopy (SEM) images revealed an inhomogeneous coverage of dolomite and kutnahorite surfaces by large calcite crystals. In situ atomic force microscopy (AFM) observations showed that, while calcite islands rapidly grow perpendicularly to the substrates, their lateral spreading is slower. Furthermore, the accumulated strain associated with the relatively high calcite −substrate lattice misfits (δ > 2.2%) is accommodated by the generation of screw dislocations, which are evidenced by growth spirals on calcite three-dimensional islands. These observations are consistent with the Volmer−Weber epitaxial growth mode, characteristic of high overgrowth −substrate lattice misfits. Additional nanomanipulation experiments conducted with the AFM tip allowed us to remove calcite islands on both dolomite and kutnahorite (104) surfaces and to provide first estimates of shear strength.
INTRODUCTION
Despite the numerous investigations conducted in recent decades, the anomalous reactivity of the mineral dolomite, MgCa(CO 3 ) 2 , in aqueous environments still constitutes an intriguing mineralogical problem. 1, 2 In the upper Earth's Crust, dolomite is, after calcite, the most abundant rock-forming carbonate mineral. However, dolomite is a very rare mineral in quaternary sediments when compared with its massive formation in analogous ancient sedimentary environments. Only in very restricted present environments, such as some sabkhas, lagoons, and tidal zones, the precipitation of dolomite has been reported. 3 Moreover, under controlled laboratory conditions it has been found that direct dolomite precipitation only occurs at temperatures above 100 °C, in disagreement with geological evidence. 3 But not only is the crystallization of dolomite in nature difficult to explain. The thermodynamics and kinetics of the reverse reaction, i.e., dissolution, are poorly understood too. Indeed, the reported values of the solubility product for dolomite at 25 °C vary in about 3 orders of magnitude. 4 In addition, dissolution rates for ordered dolomite are difficult to predict. 4, 5 Interestingly, the anomalous reactivity of dolomite is not exclusive of this mineral, but also affects other minerals of its group. For instance, kutnahorite, the so-called manganese dolomite, MnCa(CO 3 ) 2 , shows a complex dissolution behavior involving the secondary metastable formation of disordered Mn −Ca phases, which makes the determination of its solubility product troublesome. 6 On the other hand, recent precipitation experiments and calorimetric measurements clearly indicate that the precipitation of ordered kutnahorite is kinetically inhibited in favor of disordered Mn−Ca carbonates. 7 Furthermore, some synthetic compounds with dolomite structure (e.g., the so-called Cd-dolomites) have been only crystallized at temperatures above 300 °C, while attempts to synthesize other transition metal dolomites (e.g., CoCa(CO 3 ) 2 , NiCa(CO 3 ) 2 ) were not successful. 8 Since mineral reactions mainly take place at the mineral surfaces, a number of recent investigations on the anomalous reactivity of the dolomite group of minerals have been reasonably focused on the nanoscale phenomena occurring on dolomite and calcite surfaces. Most of these investigations have been addressed to grow crystal monolayers with cationic ordering in structural continuity with dolomite and calcite (104) faces. Although this objective has not been achieved to date, different researchers have succeeded in growing a few epitaxial layers on both calcite and dolomite surfaces from supersaturated aqueous solutions at room temperature. 5, 9 At relatively high supersaturations with respect to ordered dolomite, the growth of two continuous monolayers on the dolomite (104) face has been observed by atomic force microscopy (AFM). 5 The way in which this growth proceeds resembles the so-called Frank−Van der Merwe layer-by-layer epitaxial growth mode. 10 However, growth stops once the first two monolayers are formed, further multilayer growth being strongly inhibited. A first characterization of the monolayers grown on dolomite (104) faces by measuring friction forces with AFM indicates that their structure and/or composition varies with the aqueous Ca 2+ /Mg 2+ ratio. 9 In addition, an estimate of the surface energy from dissolution at different saturation states showed that the monolayers on dolomite have an excess of interfacial strain energy. 9 Experiments similar to those conducted by Higgins and Hu 9 but using calcite (104) faces as substrates resulted in a more complex growth behavior.
11−14 At moderate supersaturated solutions with respect to both dolomite and Mg-calcites, and low magnesium contents, continuous layer-by-layer growth mechanism was reported. Nevertheless, Mg 2+ has a clear inhibiting effect and it reduces steps rates as its concentration increases in the growth solutions. At highly supersaturated solutions with respect to dolomite, Sethmann et al. 14 observed by AFM that the epitaxial growth according to the Frank−Van der Merwe layer-by-layer mode only occurs on calcite (104) surfaces until about 40 monolayers are formed (i.e., a layer of 120 nm in thickness). Then, the development of straight ridges was observed and further growth resulted in a segmentation of the crystal surface and the subsequent formation of a micromosaic-like structure. Molecular dynamics computational modeling suggests that the development of this surface nanostructure is due to the progressive accommodation of the strain energy associated with the mismatch between the pure calcite substrate and the magnesium containing overlayers.
14 Therefore, the layer-by-layer growth until a critical thickness is reached, followed by the formation of three-dimensional islands with higher surface area, can be interpreted as the operation of the Stranski−Krastanov epitaxial growth mechanism 15 on calcite surfaces.
Calcite (104) face has been also used as a substrate for promoting the growth of Mn−Ca carbonates from aqueous solutions. In situ AFM observations showed that, for solutions with concentrations of Mn of a few μM and moderately supersaturated with respect to Mn-calcites, layer-by-layer growth occurs. 16 Similarly to the cases of formation of layers of Mg−Ca carbonate on both calcite and dolomite (104) faces, the growth velocity rapidly decreases with the thickness of the overgrowth and for concentrations of Mn 2+ of about 50 μM step rate is almost zero after the formation of the first two monolayers. However, this growth inhibition can be overcome by increasing supersaturation at the calcite−solution interface. This has been done by Lea et al., 17 who allowed the (104) surface of a calcite crystal to slightly dissolve in a carbonate solution before injecting an aqueous solution containing Mn 2+ in the AFM growth cell. Then the rapid formation of rodlike three-dimensional islands with a width of 120−240 nm and a height of approximately 2.7 nm was observed. The nucleation and spreading of these three-dimensional islands is consistent with the so-called Volmer −Weber epitaxial growth mecha-nism. 18 Moreover, the shape and thickness can be explained on the basis of both elastic constants and lattice misfits between the calcite substrate and the overgrown islands.
The investigations summarized above clearly indicate that the epitaxial growth mechanism of double carbonates on dolomite and calcite (104) surfaces strongly depends on the adhesion between the substrates and the growth layers, which are mainly determined by lattice misfits. However, research conducted up to now is still insufficient to propose an integrated model for describing epitaxial growth of simple and double trigonal carbonates. Therefore, further systematic experimental work is required on this topic.
In this paper we present a new study of the epitaxial growth of pure calcite on dolomite and kutnahorite (104) surfaces from aqueous solutions. The aim of the study is to describe the operating epitaxial growth mechanism, to define the supersaturation conditions under which it occurs, and to provide information about the overgrowth−substrate adhesion. The discussion of the results will contribute to a better under-standing of the reactivity of surfaces of minerals with dolomite structure.
MATERIALS AND METHODS
2.1. Characterization of Dolomite and Kutnahorite Samples. The samples used in this work were dolomite from Eugui, Navarra (Spain), and kutnahorite from Franklin mines, New Jersey (USA). Samples were confirmed to be dolomite (PDF number 75-1710) and kutnahorite (PDF number 80-2197) by X-ray powder diffraction conducted with a Siemens D-500 diffractometer and a Philips X'Pert PRO diffractometers, both equipped with Cu Kα radiation sources. Dolomite diffractograms clearly show some superstructure reflections (h0l, with l odd), characteristic of cationic ordering (i.e., 101, 015, 021, and 009). 3 In contrast, superstructure reflections are absent in kutnahorite diffractograms. This indicates a low degree of ordering of 2 for kutnahorite. These analyses show that dolomite sample contain a lower amount of impurities than the kutnahorite sample. This is consistent with the lower degree of ordering detected in kutnahorite by X-ray diffraction.
2.2. Crystallization Experiments. Two series of experiments were conducted by submerging dolomite or kutnahorite in super-saturated solutions with respect to calcite at room temperature. Large dolomite and kutnahorite samples were cleaved with a razor blade and a hammer to obtain rhombohedra with {104} faces of about 20 mm 2 . The rhombohedra were placed in vessels containing 2 mL of static supersaturated solutions, which were closed with polypropylene caps to avoid evaporation and contact with the atmosphere. Solutions were prepared from reagent grade CaCl 2 and Na 2 CO 3 solutions and deionized water (Milli-Q; resistivity 18 MΩ cm). Supersaturations of the solutions with respect to calcite were calculated using the following expression:
where a(Ca 2+ ) and a(CO 3 2− ) are the activities of the ions in the solution and K sp,calcite = 10 −8.48 is the solubility product of calcite at 25 °C. Ionic activities and pHs were calculated using the PHREEQC computer code and the PHREEQC.DAT database. 19 Independent measurements of the pH of the solutions were also carried out with a pH-meter (PH5 Plus Complet Eutech Instruments). Table 1 shows the concentrations, the ionic activities, the pHs, and the initial supersaturations with respect to calcite of the aqueous solutions and substrates used in the crystallization experiments (columns 2 to 9). Dolomite and kutnahorite crystals were kept in the solutions for periods of time of about 24 h. Then crystals were removed from the vessels, dried, and mounted on a sample holder to be imaged by SEM (JEOL JSM6400-40 kV).
2.3. In Situ AFM Growth Experiments. In situ nanoscale observations of epitaxial growth of calcite on dolomite and kutnahorite (104) faces were carried out at room temperature in an AFM (Nanoscope IIIa Multimode, Veeco Instruments) equipped with a ∼15 × 15 μm 2 scanner and a fluid cell. All the AFM images were recorded in constant force mode while displaying the cantilever height, vertical deflection, and lateral deflection (friction) signals. Scan areas varied from 5 × 5nm 2 to 14 × 14 μm 2 . Tips supported by triangular cantilevers (Bruker SNL-10) and rectangular cantilevers (Bruker TESP and NT-MDT CSG01) were used. Scan rates varied from ∼5to ∼60 Hz, and 256 to 512 lines per scan were recorded. Dolomite and kutnahorite crystals were freshly cleaved along (104) faces with a razor blade immediately before being placed in the fluid cell of the AFM.
Then deionized water was passed over the surfaces to remove impurities on the surfaces and adjust AFM parameters. Growth on dolomite and kutnahorite (104) surfaces was promoted by injecting supersaturated aqueous solutions with respect to calcite in the AFM fluid cell. Solutions were prepared following the protocol described in section 2.2. As in the case of the crystallization experiments, supersaturations of the solutions with respect to calcite were calculated using eq 1 and the PHREEQC computer code. Table 2 shows the concentrations, ionic activities, pH, the initial supersaturations with respect to calcite of the aqueous solutions, and substrates used in the AFM growth experiments (columns 2 to 9).
More than 2000 AFM images were collected and subsequently analyzed using the software provided by Nanoscope (5.30r3sr3) and Nanotec (WSxM). 20 2.4. Nanomanipulation Experiments. Once epitaxial growth was observed, nanomanipulation experiments were performed to remove calcite islands from dolomite and kutnahorite (104) surfaces. To this end, the applied vertical force between the AFM tip and the surfaces was progressively increased till the islands were detached from the substrate. The lateral force signal simultaneously acquired with the topography made possible an estimation of the shear strength required to move the islands. This is simply given by the formula 22 τ = F L /A, where F L is the lateral force and A is the area of contact, as estimated from topography images acquired prior to the manipulation events. The lateral forces were calibrated according to the formula
where k T is the torsional spring constant of the cantilever, h is the height of the tip (including half of the cantilever thickness), L is the length of the cantilever, S is the sensitivity of the photodetector in units of nm/V, and V L is half of the difference (in volts) between the trace and retrace signals.
The torsional spring constant can be calculated using the relation
where G is the shear modulus of the cantilever, and w and t are its width and thickness, respectively. Note that in this case rectangular cantilevers have been used since their calibration is easier than the calibration of V-shaped cantilevers.
RESULTS
3.1. Overgrowth of Calcite Crystals on Dolomite and Kutnahorite Crystals. After about 24 h of being immersed in supersaturated solutions with respect to calcite, dolomite and kutnahorite rhombohedra showed a different degree of coverage by calcite crystals. Typically, large calcite crystals appear on kutnahorite substrates for β calcite > 20 and on dolomite for β calcite > 40. For lower supersaturations than those, only small calcite crystals have been occasionally observed on kutnahorite and dolomite surfaces. Calcite crystals grown on both kutnahorite and dolomite rhombohedra have a rhombohedral morphology which often shows a rounded corner. The existence of a rounded corner in the overgrown calcite crystals is more evident when they form on kutnahorite rather than on dolomite, revealing differences in the lateral growth of the crystals. In addition, calcite crystals are highly oriented with respect to the substrates, i.e., the growth is epitaxial. However, as can be seen in Figure 1 , both epitaxies do not proceed by a homogeneous layer-by-layer growth but by the formation of large three-dimensional islands that eventually coalesce and cover the substrates. These islands are initially almost perfect {104} rhombohedra which become progressively elongated perpendicular to the (104) plane that lies parallel to the substrates. This indicates that, on both substrates, the lateral growth of calcite is less favorable than the vertical growth. As a result of such an epitaxial growth, dolomite and kutnahorite (104) substrates become covered by a columnar arrangement of calcite crystals.
Nanoscale Observations of Epitaxial Growth of Calcite on Dolomite and Kutnahorite (104)
Faces. A few seconds after injecting highly supersaturated solutions with respect to calcite in the fluid cell of the AFM, the nucleation of calcite islands on both dolomite and kutnahorite (104) surfaces is observed. As in the case of the experiments described in section 3.1, supersaturation levels required to clearly observe calcite islands growing on dolomite (104) are higher than on kutnahorite (104). In addition, the scan rate and the AFM cantilevers used influence the nucleation process. The higher the scan velocities and the stiffer the cantilever, the lower the nucleation density. This has been checked several times by imaging different areas of the substrates some minutes after the first injection of growth solution. However, once islands attach to the substrate and become larger, their removal during scan is a rare event. As will be explained in section 3.3, only when the AFM tip loading force is increased, calcite islands can be removed from the substrates. Figure 2 shows calcite islands growing on dolomite and kutnahorite (001) surfaces. In both cases, calcite islands are oriented with their (104) Figure S1 ). In these images, the coincidence of the substrate and overgrowths lattices has been observed.
A few minutes after starting the growth experiments, the growth of calcite on dolomite and kutnahorite (104) faces is faster perpendicularly to the surfaces than over the surfaces. As Figure 1 . SEM images of epitaxial growth of calcite crystals on rhombohedral crystals of (a) dolomite (experiment C-6D in Table 1 ) and (b) kutnahorite (experiment C-6K in Table 1 ). Figure 2 . AFM deflection images of calcite islands growing epitaxially on (104) surfaces of (a) dolomite (experiment AFM-6D in Table 2 ; scan area: 14 × 14 μma result, large three-dimensional clusters of calcite islands are observed on both surfaces. Interestingly, when their thickness is higher than a few hundreds of nanometers, numerous growth spirals are often observed on the surfaces of the calcite clusters formed on dolomite (Figure 3) . These spirals have a polygonal shape similar to that previously observed on pure calcite (104) surfaces. 23 3.3. Nanomanipulation of Calcite Islands Grown on Dolomite and Kutnahorite Surfaces. Figure 4 shows the detachment of a calcite island and an aggregate of two calcite islands from a dolomite (104) surface. The lateral friction force peaks up when the nanomanipulation events occur, and suddenly goes back to values corresponding to the bare dolomite substrate. In the next scan lines, the islands disappear in both topography and friction signal, so that they look truncated in complete images. This indicates that the islands have been suddenly removed from the surface. Whether they "exploded" or were lost in the solution without losing their integrity, it is not possible to determine from these images alone. None of the islands could be found again, after zooming out and acquiring topography images on larger areas including the region in Figure 4 . Since the contact area of the removed islands can be estimated from topography images acquired before the nanomanipulation events, the shear strength can be easily determined from the peak value of the lateral force. 22 By neglecting differences in the roughness of the substrates due to differences in step density, we found that calcite islands were usually removed from dolomite (104) surfaces with low density of steps for shear strengths τ ≈ 7 MPa. In the case of calcite islands on kutnahorite (104) surfaces, we estimated in a similar way a much larger shear strength τ ≈ 130 MPa.
DISCUSSION
Both SEM images and AFM observations of the epitaxial growth of calcite on dolomite and kutnahorite (104) surfaces are consistent with the so-called Volmer−Weber growth mode. According to this epitaxial mode, the formation of three-dimensional islands is energetically more favorable than a homogeneous layer-by-layer coverage of the substrate. This usually occurs when the lattice misfits between crystallographic directions on the epitaxial plane are relatively high and, therefore, the lateral spreading of the epitaxial layers is strongly reduced. Misfits between calcite and kutnahorite and dolomite structures on the common epitaxial (104) plane can be calculated by the following expression:
where L dol/kut and L cal are the repeat periods along the dolomite (or kutnahorite) and calcite common directions, respectively. Considering the parameters of the surface rectangular lattice defined by the [421] and [010] directions (see Table 3 ), the calculated misfits using eq 4 are δ = −2.21% for calcite on kutnahorite. Although these misfits are much lower than 15% (i.e., the misfit above which it is considered that epitaxial growth cannot occur 24 ), they are high enough for promoting Volmer−Weber epitaxial growth. This is in agreement with previous AFM investigations on epitaxies involving sulfates with the barite (BaSO 4 ) structure.
25−27 Interestingly, these investigations have shown that, when absolute lattice misfits are higher than ∼4.8% in at least one crystallographic direction contained in the epitaxial plane, the Volmer−Weber mode is observed. This is the case of the epitaxial growth of celestite (SrSO 4 ) and anglesite (PbSO 4 )on barite (001) faces. 25, 26 Differently, the Stranski−Krastanov epitaxial mode, characteristic of moderate lattice misfits, has been reported for the growth of hashemite (BaCrO 4 ) on barite (001) faces, where the maximum lattice misfit is only ∼2.6%.
28 When misfits are even lower, continuous layer-by-layer growth is expected, i.e., the Frank−Van der Merwe epitaxial growth becomes possible. This epitaxial mode has been observed for the epitaxy of anglesite on celestite (001) faces, which is consistent with a maximum misfit of ∼1.1%.
27
Considering that barite-type sulfates and trigonal carbonates have similar crystallochemical schemes, it is not surprising that similar maximum misfits lead to the same epitaxial growth mode in both families of compounds, i.e., the Volmer−Weber mechanism.
The high misfits between the calcite and dolomite and kutnahorite lattices imply the existence of energy barriers for surface nucleation, which are related to lattice strain energies. Such energy barriers can be overcome by increasing the supersaturation of the growth solutions with respect to calcite. 10 Our growth experiments show that critical super-saturations with respect to calcite are required to initiate Volmer−Weber epitaxial growth on both dolomite and kutnahorite (104) surfaces. Moreover, the critical super-saturation is higher when the substrate is dolomite (β calcite/dolomite VW ≈ 40) than when the substrate is kutnahorite (β calcite/kutnahorite VW ≈ 20). This difference in critical supersaturation for Volmer−Weber growth can be partially due to the higher misfits between calcite and dolomite lattices compared with the misfits between calcite and kutnahorite lattices. Nevertheless, the size of calcite nuclei formed on the substrates does not seem to strongly depend on misfits but on the supersaturation with respect to calcite. Thus, regardless of the substrate, higher supersaturations lead to the formation of smaller calcite islands, which is in agreement with the classical nucleation theory 32 (Figures 1 and 2 ). In contrast, after the nucleation of calcite islands on both dolomite and kutnahorite substrates, crystal growth results in the formation of epitaxial overgrowths which are usually thicker on kutnahorite than on dolomite for similar supersaturations with respect to calcite. This indicates that epitaxial growth is strongly controlled by the overgrowth-substrate misfits.
As the Volmer−Weber epitaxial growth proceeds, the strain associated with the high lattice misfits needs to be somehow accommodated. At the initial stages of growth, lattice strain can be elastically accommodated in the first epitaxial layers. However, as the thickness of the three-dimensional islands increases, the accumulation of elastic deformation in the growth layers is not possible any more. As a result, above a critical thickness of the epitaxial overgrowths, the generation of dislocations occurs, i.e., misfit dislocations. The generation of screw dislocations on calcite overgrowths on dolomite has been detected by the observation of numerous growth spirals when those overgrowths reach a thickness of several hundreds of nanometers (see Figure 3) . Although we have not observed growth spirals on calcite crystals on kutnahorite, the formation of screw dislocations is also expected to occur. However, due to the lower calcite/kutnahorite misfits, screw dislocations are probably generated for thicker calcite overgrowths. Since calcite/dolomite and calcite/kutnahorite misfits are all negative, the formation of screw dislocations on calcite overgrowths can be considered as a response to compressive stress. Sethmann et al. 14 have also reported the formation of growth spirals on layers of Mg-calcite deposited on pure calcite (104) faces. In this case, however, such spirals respond to a tensile stress which generates a nanotopography consisting of a mosaic-like structure. These authors interpret the formation of such a surface structure as the result of a Stranski−Krastanov-like growth mode. The comparison of our AFM observations on dolomite (104) with those of Sethmann et al.
14 on calcite (104) indicates that the epitaxial growth modes not only depend on the absolute misfit values between overgrowth and substrate but also on the sign of the associated stress (i.e., compressive or tensile).
Our nanomanipulation experiments demonstrate that calcite islands under compressive stress can be easily detached from the dolomite (104) surfaces and, with more effort, from the kutnahorite (104) surfaces. The shear strength estimated for detaching calcite from dolomite (104) is indeed ∼7 MPa, whereas it is almost 20 times larger on kutnahorite (104). The main reason for this significant difference can be attributed to the different lattice mismatches between calcite and the two substrates, i.e., δ −3.17% on kutnahorite and −4.79% on dolomite (along the [421] direction). Since the interface between calcite and dolomite is much more stressed, detachment should occur more easily than in the case of calcite islands on kutnahorite. It is also worth noting that, after detachment, the island was lost in the liquid solution. This is quite different from what is observed in similar experiments in ultrahigh vacuum, where the detached islands are usually pushed by the probing tip and remain on the substrate.
22,33

CONCLUSIONS AND OUTLOOK
The study presented here demonstrates that the epitaxial growth of calcite on dolomite and kutnahorite (104) only occurs at room temperature from aqueous solutions highly supersaturated with respect to calcite. Our results show that the growth is mainly controlled by the misfits between the overgrowth and substrate surface lattices. The relatively high lattice misfits (higher than 2.2%) determine a Volmer−Weber epitaxial growth mode, in agreement with previous AFM investigations on epitaxial growth on the surfaces of trigonal carbonates 5, 10, 14 and sulfates with the barite structure.
25−28 Moreover, our experiments show that the minimum super-saturation required to promote calcite epitaxial growth increases with the lattice misfit (i.e., it is higher for the dolomite (104) substrate). Finally, nanomanipulation experi-ments allowed us to estimate the shear strengths required to remove calcite islands from the dolomite and kutnahorite substrates. The shear strength was found to decrease when the lattice misfit increases, confirming that the difference between the crystallographic parameters between overgrowth and substrate is an important controlling parameter of the epitaxial growth of calcite on dolomite and kutnahorite (104) faces. Although systematic measurements are still required for a better quantification of this effect, the nanomanipulation method presented in this paper has been revealed as a new interesting tool to quantify epitaxial growth phenomena occurring on mineral surfaces in aqueous environments. Future growth and nanomanipulation experiments conducted on surfaces with the dolomite structure as those presented here will further contribute to a better understanding of the complex reactivity of this group of minerals.
